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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Superionic body-centered-cubic ice forms at ~9.5 GPa, a lower pressure than previously expected.

■   Diamond anvil cell experiments mapped the elevated melting boundary of H2O ice.

■   Superionic ice in cold subducting slabs may affect deep Earth processes and contribute to deep earthquakes.
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Subduction  of  oceanic  lithosphere  effectively  transports  substantial
amounts  of  water  deep  into  the  Earth,  altering  the  properties  of  the
surrounding mantle minerals and facilitating chemical interactions between
the  subducting  lithosphere  and  mantle.  Ice-VII  is  considered  the  stable
phase  of  H2O released  from minerals  within  the  cold  subducting  slabs  by
progressive  dehydration.  This  study  investigates  the  melting  boundary  of
high-pressure  ices  and  the  transformation  of  ice-VII  to  superionic  (SI)
states  under  the  specific  pressure-temperature  (P-T)  conditions  of
subducting  slabs.  We  conducted  X-ray  diffraction  measurements  on  H2O
phases  up  to  42  GPa  and 1400 K  using  a  newly  developed  externally-
heated  diamond  anvil  cell  system  with  precise P-T control. The  experi-
ments confirm the elevated melting temperature of high-pressure ice start-
ing at  9.5 GPa,  likely due to the appearance of SI  body-centered cubic ice
phase. The phase diagram of H2O, particularly the elevated melting temper-
atures  and  transition  to  SI  state,  provides  crucial  insights  into  the  role  of
water  in  cold  subducting  slabs  and  its  possible  association  with  deep-
seated seismic activity and mantle dynamics.
 

INTRODUCTION
The phase diagram of ice encounters several structures: Ice Ih is the most

common  form  of  ice  found  on  Earth's  surface.1 It  has  a  hexagonal  crystal
structure and is stable at low pressures and temperatures. Ice II has a rhom-
bohedral  crystal  structure  and  forms  at  higher  pressures  than  ice  Ih.  With
increasing pressures forms the tetragonal ice III, monoclinic ice V, tetragonal
ice VI,  and cubic ice VII.  Ice VII  is  of  particular  interest because it  is  consid-
ered  stable  at  conditions  found  in  the  cold  subducting  slabs  and  other
extreme  planetary  environments.2 Its  equation  of  state  (EoS)  and  melting
boundary  have  been investigated  at  various  pressures  and temperatures.2–9

Before melting at high pressures and temperatures, water transitions into the
recently discovered superionic (SI) ice phase, which exhibits a unique combi-
nation  of  solid  and  liquid-like  properties.10,11 In  this  phase,  the  hydrogen
atoms  (protons)  behave  as  if  they  were  in  a  liquid  state:  They  are  highly
mobile  within  a  lattice  of  oxygen  atoms  that  remains  in  a  solid  crystalline
structure.12,13 The high mobility of protons within the oxygen lattice results in
a high ionic conductivity, comparable to that of liquid electrolytes.14–16

Understanding  SI  ices  under  high  pressure-temperature  conditions  is
essential for unraveling Earth's internal processes, especially the dynamics of
subduction  zones  and  the  associated  seismic  activities.  Although  previous
studies have extensively investigated the phase boundaries of high-pressure
water  ices,  such as ice VII,  the specific  conditions under which SI  ice forms
within subducting slabs are still not well-defined.5,12,17-24 In subduction zones,
hydrous silicates carried into the mantle may release water under high pres-
sures  and  temperatures.25–27 The  residual  hydrous  phases  become  denser
than the surrounding mantle rock, allowing the hydrated material to continue
sinking with the subducting slab.28 When this hydrated material  reaches the
transition zone, located between 410 and 660 km beneath the Earth's surface,
it encounters phase transitions in the mantle rock. These changes cause the
hydrated material to stagnate due to changes in viscosity and rheology. Seis-
mic  studies  have  observed  this  stagnation  as  a  decrease  in  the  rate  of
subduction  at  these  depths.29–32 Deep-focus  earthquakes  occurring  in  this
region are  thought  to  result  from mechanisms such as dehydration embrit-
tlement,  transformational  faulting,  and  thermal  runaway.33 Dehydration
embrittlement refers to the brittle fracture of the cold subduction slab caused
by increased pore pressure following dehydration.33 The released water inter-
acts  with  surrounding mantle  rocks,  leading to  complex  chemical  reactions,
phase transitions, and mineralogical changes.34–39 However,  the stability and
roles  of  water  ices  in  these  environments  remain  poorly  constrained.  This
study aims to address these uncertainties by examining the structural transi-

tions and melting behavior of high-pressure ices, with a specific focus on SI
ice and its stability field.

Diamond  anvil  cells  (DAC)  combined  with  in-situ  X-ray  diffraction  (XRD)
measurements  are  commonly  used  to  explore  the  properties  and  phase
behavior of planetary materials. Traditionally, achieving high temperatures in
DAC  involved  laser- or  resistive-heating  methods.  While  laser  heating  is
widely used, it can introduce challenges such as temperature gradients, fluc-
tuations, and control issues, resulting in chemical disparities.40,41 On the other
hand,  external  resistive  heating  offers  uniform  heating  across  the  sample
chamber  which  ensures  stable  temperature  control  and  minimal
fluctuations.42 Leveraging  the  advantages  of  the  externally-heated  diamond
anvil  cell  experimentation  system  (EH-DANCE),  this  study  delves  into  the
phase  diagram  of  ice  VII,  aiming  to  resolve  discrepancies  in  the  melting
boundary  and  the  conditions  of  the  SI-body-centered cubic  (bcc)  ice  struc-
ture.43
 

MATERIALS AND METHODS
A total  of  17 experiments were performed using BX90 DAC with 150-300

μm culet standard cut diamond anvils to investigate the phase diagram of ice
VII  up to 42 GPa and 1400 K. The EH-DANCE used a micro-heater made of
sintered pyrophyllite donut-shaped ring and tungsten wires to provide resis-
tive  heating,  while  a  type-K  thermocouple  was  mounted  near  the  culet  to
measure  temperature  (T).  The  sample  chamber  (75-120  μm  in  diameter
depending on culet size) was laser cut in Re gaskets pre-indented to 40 μm
thickness.  It  was then filled with a drop of  deionized water  and a piece of  5
μm thick  gold  foil.  The equation of  state  (EoS)  of  gold  was used as a  pres-
sure scale throughout the experiments.44

Characterization of  the synthesized ice VII  was performed at  the 13-BMD
beamline  of  the  Advanced  Photon  Source  at  Argonne  National  Laboratory.
The focused monochromatic  X-ray  beam (λ  = 0.3344 Å)  was 4x8 μm2.  The
diffraction patterns of the step scans were collected with a Pilatus 1M detec-
tor.  Rotation of the DAC (± 20°) was necessary to ensure that single-crystal
diffraction peaks, if present, were not inadvertently missed during the assess-
ment of melting. Measurements were taken at a 50 K interval, when possible,
as T was controlled by the voltage applied to the heater. A vacuum environ-
ment,  followed  by  a  controlled  nitrogen  environment  in  the  EH-DANCE,
allowed  achievements  of  simultaneously  higher T and  pressure  (P) than
those  previously  achieved  with  the  apparatus.  Data  were  analyzed  using
DIOPTAS software,  while  the  lattice  parameters  were  refined  using  PDIn-
dexer  software.45,46 The  300  K  data  were  fitted  using  the  EoSFit7-GUI
program.47 The  Pytheos  package  was  then  used  to  obtain  the  equations  of
state.48 At 300 K, high temperature 3rd order Birch-Murnaghan EoS (HTBM3)
is expressed as:
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where  is the isothermal bulk modulus at 1 bar,  is the pressure deriva-
tive  of  the  bulk  modulus,  is  unit-cell  volume,  and  is  the  zero-pressure
unit-cell  volume.49 The  temperature  dependencies  of  the  volume  and  bulk
modulus are described as:

V(T) = V0

[
1+α0 (T−300)+

1
2
α1(T−300K)2

]
(2)

K(T) = K0 +
dK
dT

(T−300K) (3)

where α0 and α1 are constants. In comparison, the Mie-Gruneisen-Debye EoS
(MGD) incorporates the Debye model of specific heat, the Gruneisen parame-
ter,  and  the  Mie-Gruneisen  parameter  to  describe  the  behavior  of  materials
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under  high-P and  high-T conditions.50,51 The  Debye  model  describes  the
temperature dependence of the specific heat of a material based on the vibra-
tional  modes  of  its  atoms.52 The  Gruneisen  parameter  and  Mie-Gruneisen
parameter  account  for  thermal  expansion  and  anharmonicity.53,54 This  model
assumes separate terms for the ambient and high temperature pressures:

P(V,T) = P(V,300K)+ΔPth(V,T) (4)

ΔPth (V,T)where  is expressed as:

ΔPth (V,T) =
γ (V)
V

[Eth (V,T)−E300K (V,300K)] (5)

Ethwhere  describes  the  Debye  model  of  vibrational  energy,  and  γ0 is  the
Grüneisen parameter, such that:

Eth (V,T) = 9nRT
(
T
θD

)3w θD
T

0

(
x3
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(
V
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using n as the number of atoms per unit formula, R as the gas constant, the

Debye  temperature  θD,0 with  and .
Only θD,0 was fixed during fitting of the MGD EoS. 

RESULTS
The  characterization  of  ice  VII  involved  a

comprehensive  examination  of  its hkl peaks,
specifically  (110),  (200),  and  (211).  Selected
XRD  patterns  of  ice  VII  are  presented  in
Figure  1.  As T was  increased  to  approach  the
anticipated  melting  boundary  at  various P
points, P also  increased  due  to  the  thermal
pressure.  Once 1150 K  was  reached, P was
slowly decreased until the sample was molten,
as determined by the disappearance of the ice
VII  XRD  peaks.  Then, P was  incrementally
raised  to  observe  the  recrystallization  of  ice
phases and to constrain the melting boundary.
A  noticeable  increase  in  the  sample V was
observed in the sample peaks at several condi-
tions  during  Runs  #2,  8,  and  11.  As  illustrated

in Figure  S1,  this  volume  increase  at  21  GPa
aligns with literature reports of the SI-bcc ice.12

It is worth noting that the exceptional fluidity of
SI-bcc  ice  presents  challenges  in  maintaining
sample stability  within the sample chamber at
elevated  temperatures.  Selected  XRD  patterns
of SI-bcc ice are presented in Figure 2.

The  HTBM3  EoS  of  ice  VII  is  presented  in
Figure 3. Table S1 presents the derived param-
eters  for  both  the  HTBM3  and  MGD  EoS
models. Limited observations of SI-bcc ice lead
to  the  perception  of  two  distinct  behaviors:  A
relatively  steep  compression  curve  below  25
GPa  and  a  shallower  one  above  25  GPa.  This
disparity  arises  because  the  data  above  25
GPa were collected at significantly higher P and
T,  resulting  in  higher  volumes  due  to  thermal
expansion,  which  gives  the  EoS  a  shallower

appearance. In contrast, the data below 25 GPa are obtained at relatively
similar  temperatures,  providing  a  more  accurate  representation  of  the
EoS  of  SI-bcc  ice.  In Figure  S2,  the  standard  parameters  obtained  from
the  HTBM3  EoS  are  compared  with  literature  values.2,3,5,7,9,55 Illustrating
V/V0 as a function of P provides valuable insights into the compressibility
and  phase  transitions  of  materials  under  varying  conditions.  For  ice  VII,
no  phase  transition  is  detected  at  300  K  up  to  ~  30  GPa.  While  results
from this study agree with most studies up to high pressures, see Table
S1, some studies report a smaller V/V0 thus a greater compressibility.9,55

Tm =

Tref

(
Pm−Pref

a
+1

)b

The  resulting  phase  diagram  from  this  study  is  plotted  in Figure  4A.
The melting boundary,  determined by the disappearance and re-appear-
ance of the XRD peaks of ice within the sample chamber (see Figures S3
& S4),  is  well  described  by  the  Simon-Glatzel  equation  as 

, with the following parameters:
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Figure 1.  Representative  X-ray  diffraction  data  of
ice-VII  at  high P-T conditions (A)  Selected  XRD
patterns  of  ice  VII  with  (B) “cake” representation  of
2D XRD images at  300 K-10.5 GPa and 470 K-17.3
GPa.

 

 

Figure 2.  Representative  X-ray  diffraction  data  of
SI-bcc ice at high P-T conditions (A) Selected XRD
patterns of SI-bcc ice with (B) “cake” representation
of  2D  XRD  images  at  800  K-10.7  GPa,  900  K-15.6
GPa, and 1405 K-30.7 GPa.
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T>705K
m = 705 [K]

(
Pm−9.50 [GPa]

2.68 [GPa]
+1

)0.39

(8)

Pref Tref

where Pm is  the  pressure  at  the  melting  point  and Tm is  the  corresponding
temperature.  The  reference  pressure  ( )  and  temperature  ( )  are  fixed
values based on experimental data, while parameters a and b are fitted to the
data.

At 900 K, the transition from ice VII to the liquid phase aligns with previous
measurements by Lai et al.2 However, this study identifies SI-bcc ice immedi-
ately before melting at this temperature. Only two data points at 900 K show
SI-bcc  ice,  while  others  indicate  ice  VII.  These  observations  were  made
during Run #14 (see Figure S1),  where temperature was increased to 900 K
after  reaching ~15 GPa at  room temperature.  SI-bcc ice  peaks appeared at
15.6  GPa  and  again  at  13.6  GPa  during  decompression.  No  SI-bcc  was
observed  in  subsequent  measurements  within  the  liquid  state  or  during
compression,  suggesting that  this  phase emerges under  specific  conditions
and is difficult to stabilize due to its reactive nature.

The SI-bcc ice  phase boundary is  determined by linearly  interpolating the
kink  in  melting  boundary  at  9.5  GPa-705  K  with  the  high P-T SI-bcc  ice
observations. A change in the melting slope is typically indicative of a phase
transition, similar to the ice VII to VII’ transition above 40 GPa reported in the
literature.12,21,23 As  shown  in Figure  4,  the  change  in  melting  slope  near
9.5 GPa - 705 K coincides with previous reports of the SI phase near 15 GPa -
660  K,21 17  GPa - 880  K,12 or  16  GPa - 810  K.23 This  kink  has  also  been
attributed to a molecular-to-ionic transition on the liquid side of  the melting
boundary,  possibly  caused  by  the  ionization  of  H2O  to  H+ and  OH-.19,56

Measurements of ice become noticeably more challenging beyond this tran-
sition due  to  increased  sample  leaking  events  at  extremely  high  tempera-
tures.

The high melting boundary identified here concurs with laser-heated DAC
measurements  from  20–90  GPa,  as  opposed  to  the  lower  boundaries
reported in the literature.5,17–20 Prakapenka et  al.12 and Schwager & Boehler21

reported a  similar  elevated  melting  boundary,  although  the  former  recog-
nized large temperature uncertainties, and the latter relied on visual observa-
tions.12,21 As  inferred  by  Prakapenka  et  al.,12 the  appearance  of  SI-bcc  ice
causes the melting boundary to rise more steeply,  which is attributed to the
higher entropy of SI-bcc ice compared to ice VII.

The discrepancies in the melting boundary likely  stem from methodologi-
cal  differences,  including  heating  techniques,  pressure  calibration,  and
temperature  measurement  uncertainties.  The  EH-DANCE system's  bi-direc-
tional pressure control capability enabled precise bracketing of melting points
at specific,  discrete temperatures ranging from 400 K to 1100 K,  which was

achieved  through  one  or  multiple  cycles  of
decompression and  compression.  The  consis-
tency  of  results  across  multiple  runs  and  their
agreement with  previous  studies  at  overlap-
ping  conditions  indicate  the  accuracy  of
temperature  measurements  in  this  study  and
suggest  overheating  is  unlikely  to  be  an  issue.
The  EH-DANCE  experimental  setup  has  been
demonstrated  to  be  particularly  effective  in
constraining  phase  transitions  under  high P-T
conditions,43 leading to the determination of the
stability  field  of  SI-bcc  ice  phase  and  the
observed  elevated  melting  boundary  of  high-
pressure ice. Furthermore, the positive slope of
the  ice  VII  to  SI-bcc  transition  drawn  in  this
study, although relying on a few data points, is
aligned  with  the  calculated  melting  trend  from
Hernandez & Caracas. 23

Variability in reported SI-bcc ice conditions in the literature highlights a gap
in the current understanding of ice's behavior under the extreme conditions of
cold  subducting  slabs.57 This  range  typically  covers  a  significant  portion  of
the  Earth's  mantle,  which  extends  from  the  uppermost  part  to  the  deeper
regions of the mantle. The outlined melting boundary of SI-bcc ice from this
study reaches the P-T conditions of the cold subducting slab,  in contrast to
the previously reported lower melting boundaries.5,17,19,22,58
 

CONCLUSION
The  phase  diagram  of  ice,  particularly  the  high  melting  temperatures  of

high-P ices,  unveils  intriguing  insights  into  the  behavior  of  water  within  the
Earth's  mantle.  Understanding  these  transitions  is  essential  for  explaining
deep-focus  earthquakes,  which  have  long  been  hypothesized  to  arise  from
structural instabilities within cold subducting slabs.59 This study finds that the
high melting boundary of ice and steep ice VII to SI-bcc ice transition raises
the intriguing possibility of phase changes from ice-VII to SI-bcc ice or from
SI-bcc  ice  to  liquid  within  cold  subducting  slabs  depending  on  the  slab
geotherms (Figure 4).  In  contrast,  lower melting boundaries and shallow ice
VII to SI-bcc ice transitions allow only liquid H2O and, in some cases, SI ice in
subducting slabs.

The complex scenario presented here has profound implications for mantle
dynamics.  Solid  ice  VII  and  SI  ice  in  cold  slabs  could  trap  H2O  molecules
within  their  crystal  structures,  enabling  water  to  descend  deeper  into  the
mantle.25 Hot  subducting  slabs  would  only  contain  liquid  water  under  the
same conditions, while very cold slabs would only contain ice VII, resulting in
no phase transitions that  could potentially  be related to deep-focus seismic
events.  On  the  other  hand,  deep-focus  seismic  events  may  be  triggered  by
the  release  of  water  from  hydrous  minerals  at  great  depths.  For  example,
several  hydrous  minerals  such  as  phase  Egg  (AlSiO3OH),60 dense  hydrous
magnesium silicates (DHMS) including Phase D (MgSi2H2O6)61,62 and Phase H
(MgSiO4H2),63,64 Topaz-OH  (Al2SiO4(OH)2),65 and  OH-bearing nominally  anhy-
drous  minerals  such  as  wadsleyite  (Mg2SiO4)66–68 and  ringwoodite
(Mg2SiO4)67–69 can act as significant water reservoirs within the mantle transi-
tion zone. These phases are stable under extreme P-T conditions, with some,
like phase Egg and DHMS, remaining stable beyond the SI-bcc transition and
the ice melting boundary defined in this study. This delayed melting of ice and
potential  release  of  water  from  hydrous  minerals  suggests  that  water  may
indeed be carried  to  greater  depths in  the  cold  subducting slabs,  potentially
leading  to  fluid-triggered  deep-focus  earthquakes  between  520-660  km  at
~20 - 26 GPa,33,70 as well  as the precipitation of sublithospheric diamonds.71

This  underlines the necessity  for  more comprehensive experimental  data to
better  understand  the  phase  behavior  of  ice  under  extreme  conditions  that
resemble those within planets.

 

V0 Å3

K0 K’
0 α0

α1 dK/dT

Figure 3.  Equation  of  state  following  the  HTBM3
models The half-filled symbols represent SI-bcc ice
data  from  Runs  #2,  8,  and  11.  The  bottom  figure
shows the  difference  between  the  observed  pres-
sures  from  the  gold  standard  and  those  obtained
from  the  fits.  The  right  figure  shows  the  difference
between the experimental volume at high T and that
at  300  K,  along  with  the  corresponding  fits.  The
resulting  EoS  parameters  are =41.5  ±  0.4 ,

=17.0  ±  0.7  GPa, =5.3  ±  0.1, =11×10−5 K−1,
=16×10−8 K−2, and =-0.008 GPa/K.
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Figure 4.  Phase diagram of H2O ice, superimposed on the P-T conditions of subducting slabs and compared with literature results (A) The ice VII and SI-bcc ice results from
this study compared to another experimental study which used the same method and procedure (L23, Lai et al.2). The solid red line represents the melting boundary identified in
this study. The dotted green line illustrates the estimated Ice-VII to SI-bcc ice transition. The molecular-to-ionic liquid transition is also displayed.19,56 (B) Reported melting bound-
aries. (C) Reported solid-solid transitions. The very cold, cold, and hot subducting slab P-T conditions are illustrated by the shaded area.57 TS refers to this study, D00 refers to
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